Stroke is the leading cause of disability in adults. Drug treatments that target stroke-induced pathological mechanisms and promote recovery are desperately needed. In the brain, an ischemic event triggers major inflammatory responses that are mediated by the resident microglial cells. In this review, we focus on the microglia activation after ischemic brain injury as a target of immunomodulatory therapeutics. We divide the microgliamediated events following ischemic stroke into three categories: acute, subacute, and long-term events. This division encompasses the spatial and temporal dynamics of microglia as they participate in the pathophysiological changes that contribute to the symptoms and sequela of a stroke. The importance of Toll-like receptor (TLR) signaling in the outcomes of these pathophysiological changes is highlighted. Increasing evidence shows that microglia have a complex role in stroke pathophysiology, and they mediate both detrimental and beneficial effects on stroke outcome. So far, most of the pharmacological studies in experimental models of stroke have focused on neuroprotective strategies which are impractical for clinical applications. Post-ischemic inflammation is long lasting and thus, could provide a therapeutic target for novel delayed drug treatment. However, more studies are needed to elucidate the role of microglia in the recovery process from an ischemic stroke and to evaluate the therapeutic potential of modulating post-ischemic inflammation to promote functional recovery.
Introduction
Stroke is the fifth leading cause of death in the United States of America (Mozaffarian et al., 2016) and a leading cause of disability in adults. Approximately 10 million patients survive stroke annually. In the USA alone, the direct and indirect annual costs in 2012 were $33 billion for the acute and chronic treatment of stroke (Mozaffarian et al., 2016) . The primary risk factor for stroke is age, and as life span increases the number of people suffering from stroke is rising. Slow and incomplete recovery is associated with a reduction in quality of life, which is compounded by the lack of drug treatments to facilitate the recovery process. Acute care relies on thrombolytic treatment using tissue plasminogen activator (TPA), but it can be administered only to a small fraction of patients. Furthermore, even when TPA is given within the therapeutic window (4.5 h) it has inconsistent efficacy.
Focal ischemic stroke is caused by an arterial thrombus that blocks blood flow to the brain and leads to a loss of oxygen and glucose supply to the downstream tissue. Anaerobic conditions result in protein and lipid modification, dysfunction of ionic pumps, loss of membrane potential, Ca 2+ dysregulation, mitochondrial dysfunction, endoplasmic reticulum (ER) stress and apoptosis (Dirnagl et al., 1999) . The region that is entirely dependent on the vasculature immediately downstream of the thrombosis can start to die within minutes, and forms the core of the infarct. The area surrounding the infarct, the penumbra, has a partial loss of blood flow in addition to an extracellular milieu that is dominated by chemicals diffusing from necrotic cells within the infarct area. The initial injury also includes an excessive and uncontrolled release of neurotransmitters, such as glutamate, from stressed cells that triggers excitotoxicity in local cells. The peri-infarct region may be minimally impacted by the diminished blood flow directly (if spatially distant from the thrombus), but cells in this region must cope with indirect effects such as excitotoxicity. Restoring blood flow leads to deoxygenation and the formation of reactive oxygen species that contribute to reperfusion damage (Nour et al., 2013) . These neurodegenerative processes in the ischemic brain result in disruption of neural circuits such as those that control motoric, sensory and cognitive functions. The treatment strategies for stroke can be divided into four different categories: prophylaxis, neuroprotection, thrombolysis and promotion of recovery. Prophylactic approaches include healthy lifestyle and treatment of high blood pressure and cholesterol levels. Many of the failed clinical trials for stroke were focused on neuroprotection. Most experimental stroke therapies are designed to intervene within a narrow time-window after the ischemic event in order to prevent the stressed cells in the peri-infarct area from dying, and it has been shown that neuroprotective efficacy is highly dependent on the time of administration (Belayev et al., 2001) . The thrombolysis approach given within 4.5 h is the only one that has shown efficacy, although it is also limited, and can lead to reperfusion injury. The inability to translate the preclinical experiments to the clinic has resulted in to proposals that next generation therapeutic strategies should focus on outcomes other than lesion size (Dirnagl, 2012) . Instead, the goal should be to target the pathophysiological mechanisms that dominate during the days and weeks following the initial ischemic event (Dirnagl, 2012) . For example, new therapies could be developed that target microglia-mediated inflammation following a stroke, which would extend the therapeutic window from hours to days.
Microglia are the resident macrophages of the central nervous system and regulate tissue homeostasis throughout life. The proportion of glial cells in the mouse brain that are microglia is estimated at 5-12% (Lawson et al., 1990) . Microglia are a distinct subtype of mononuclear macrophages, which is a class that also includes peripheral tissue macrophages, dendritic cells and monocyte-derived cells (Butovsky et al., 2012; Gautier et al., 2012; Prinz and Priller, 2014) . The complex inflammatory response in the brain following a stroke includes activation of microglia and infiltration of peripheral immune cells into the brain parenchyma. In a stroke, an immune response is triggered by proteins released rapidly from dead and damaged cells. Toll-like receptors (TLRs) are a key class of receptors that regulate microglia activation. TLRs are pattern recognition receptors, imperative to the immune system for the recognition of pathogen-associated molecular patterns (PAMPs) and endogenous-derived danger-associated molecular patterns (DAMPs). They are expressed by a variety of cells, spanning the periphery and immune-privileged brain. There are a variety of TLRs (nomenclature ranging 1-11 in humans), which differ in PAMP/DAMP recognition and location (Akira and Takeda, 2004) . For example, TLR4 and TLR2 are localized to the cell surface and become activated upon the recognition of lipopolysaccharide (LPS). Other TLRs, such as TLR9, are localized intracellularly within endosomal membranes and primarily recognize nucleic acids. Some TLRs, TLR4 and TLR2 in particular, can recognize DAMPs from ischemic stroke events such as heat shock proteins, fibrinogen, RNA and methylated DNA (Fadakar et al., 2014) . While the expression of all TLR orthologues has been reported in mouse microglia, TLR4 and TLR2 are the most predominantly expressed TLRs in the human brain (Nishimura and Naito, 2005; Olson and Miller, 2004) .
Microglia in ischemic stroke
In ischemic injury, microglial cells undergo changes in morphology and gene expression that are known collectively as microglial activation (Kettenmann et al., 2011) . In healthy tissue, microglia have a ramified structure of highly motile processes that are actively sensing and maintaining homeostatic conditions within the area surrounding that individual microglial cell. In ischemic injury, microglial cell retracts finer processes and may exhibit chemotaxis to DAMPs released from the dead and dying cells. When activated after stroke, microglial cells progress through four morphological states that are indicative of increasing activation ( Fig. 1) : ramified, intermediate, amoeboid and round (Lehrmann et al., 1997; Thored et al., 2009) . Ramified microglia are in the resting state, with small cell body and long processes and can be found in the contralateral side of the ischemic brain and in distal areas in the ipsilateral side. The intermediate state of activated microglia is characterized by enlarged cell body and short processes. Amoeboid microglial cells have very short or no processes and an amoeboid shape. Intermediate and amoeboid types of cells can be found in the peri-infarct region (Anttila and Airavaara, 2016 unpublished results; Lehrmann et al., 1997) . Round microglia are macrophage-like and the most activated form of microglia. Round cells are found in the infarct core region (Anttila and Airavaara, 2016 unpublished results; Lehrmann et al., 1997) . While following the same morphological progression, the intracellular dynamics and protein production of microglial cells can be categorized as either M1-like ('classical') or M2-like ('alternative') (Tang and Le, 2016) . M1 type is pro-inflammatory and characterized by inducible nitric oxide synthase and nuclear factor kappa B (NF-κB) activation, and production and release of nitric oxide and pro-inflammatory cytokines such as tumor necrosis factoralpha (TNF-α) and interleukin-1β (IL-1β). M2 type is often anti-inflammatory and characterized by the production of molecules that support anti-inflammation and tissue repair such as insulin-like growth (Airavaara et al., 2009) . Rat brains were perfusion-fixed 7 days post-stroke, embedded in paraffin, sectioned, and immunostained for Iba1. Ramified microglial cells are found in the contralateral side of the brain. Intermediate and amoeboid type cells are found in the peri-infarct region. Round type cells are found in the ischemic core region (dark brown). Categorization of microglia morphology is adopted from Lehrmann et al., 1997; Thored et al., 2009 . Scale bar is 10 μm.
factor 1 (IGF1) and arginase 1. Though, it has been suggested that in many cases the cellular phenotypes overlap (Boche et al., 2013) . Moreover, the categorization to M1 and M2 phenotypes can be clear under in vitro conditions, but it is not well known how applicable this categorization is in vivo.
Several recent review articles have discussed microglia and stroke (Liguz-Lecznar and Kossut, 2013; Ma et al., 2016; Pedata et al., 2015) . Here, we provide a different point of view by dividing the microglia-mediated events in ischemic stroke into three phases: acute, subacute, and long-term events (Fig. 2) . Separating microglial responses by location and time, we can better understand the phenotypes of microglia in a spatiotemporal manner of post-ischemic processes. Furthermore, we propose that next generation therapeutic design must consider the dynamics of microglia activation since the phenotypes of activated microglia at the time of treatment can be drastically different in different areas of the brain.
Acute microglial response
Similar to any other cell in the ischemic brain, microglial cells go through apoptotic and necrotic death as a result of the loss of oxygen and glucose in the infarct core region. Microglia have been reported to start to degenerate in the ischemic area at 4 h after transient MCAo (Kato et al., 1996) . Excitotoxicity from the release of glutamate is a trigger for microglia in the infarct area and a defining feature for the peri-infarct region (Murugan et al., 2013) . Microglial cells are stimulated by the lack of oxygen and the precipitous rise in extracellular neurotransmitters from the affected neurons. Microglial activation in the peri-infarct area, defined by morphological change, has been observed 3.5 h after transient filament MCAo in rats (Ito et al., 2001 ) and as early as 30 min after ischemia onset in a permanent middle cerebral artery occlusion (MCAo) model in mice (Rupalla et al., 1998) . The acute responses of microglia to ischemia include nonspecific release and secretion of pro-inflammatory cytokines, chemokines and neurotransmitters into the extracellular milieu. Similar to neurons in the ischemic core region, the release can be uncontrolled and massive. Blocking of inflammatory processes is beneficial in experimental stroke models, and the neuroprotective effects of various anti-inflammatory strategies are discussed in Sections 3 and 4.
Subacute microglial response
The lesion continues to develop during the subacute phase in the hours and few days after transient ischemic stroke, and is associated with edema and infiltration of peripheral leukocytes. The subacute inflammatory response of microglia after ischemic injury can be characterized by changes in the morphology and polarization state of microglial cells in the peri-infarct region as microglia respond to DAMPs (Kigerl et al., 2014; Lehrmann et al., 1997; Neher et al., 2013) . DAMPs tend to be intracellular proteins that are not typically found in the extracellular space in sufficient quantities to be stimulating. However, in stroke, many DAMPs are released into the extracellular space from damaged native cells (Neher et al., 2013) . Subacutely activated microglial cells that are triggered after stroke onset are responding to a particular subset of DAMPs in the peri-infarct region. Activated microglia of mostly intermediate type and few phagocytic CD68 + cells can be detected in the penumbra area starting from 1 day post-stroke after transient or permanent ischemia (Lehrmann et al., 1997; Perego et al., 2011) . In severe ischemia, the infarct core area is depleted of microglia due to the lack of oxygen-providing blood flow, and microglial Fig. 2 . The time-scale of microglia-mediated events after ischemic stroke. The acute ischemic damage is induced within minutes to hours in the ischemic core region. The microglial responses include a release of pro-inflammatory cytokines, chemokines and neurotransmitters. Using protective molecules targeted to microglia the lesion size can be decreased. In the subacute phase, the lesion continues to develop. There is edema and degeneration of microglial cells in the lesion area. In the peri-infarct region, microglia polarize and get activated. There are no morphological changes in areas distal to the ischemic core region. The subacute phase also includes infiltration of inflammatory cells. Long-term changes include accumulation of phagocytic microglia to the core area and clearance of dead tissue. Microglial activation can be observed also in the distal areas and there is a formation of secondary damage. activation occurs mainly in the penumbra area at the subacute phase, but round microglia and macrophages have been reported to re-enter the core area starting from 1 day post-stroke (Ito et al., 2001; Lehrmann et al., 1997; Ritzel et al., 2015) .
Long-term microglial response and secondary damage
The long-term effects of microglial response include microglial activation in the peri-infarct region as well as in distal areas, accumulation of phagocytic cells in the lesion area and secondary damage. Numbers of the round microglia and macrophages are highest in the core area between 3 and 7 days post-stroke which we consider being already the long-term phase (Kato et al., 1996; Lehrmann et al., 1997; Perego et al., 2011) . Morphological changes in microglia can also be found distal to the initial injury. Microglia in the long-term phase are responding to a fundamentally different milieu than microglial cells that have been activated by the initial ischemic event (Fig. 2) . As such, the longterm phase of activation may have distinctly different characteristics depending on how, when and where microglia was activated relative to the injury as well as the onset of therapeutic intervention.
The neuroprotective M2 phenotype is the predominant form of microglia during the first days after stroke, but diminishes by day 7 poststroke when the neurodegenerative M1 phenotype starts to dominate (Hu et al., 2012; Perego et al., 2011) . It is suggested that the polarization of microglia and macrophages first to M2 type after ischemic injury may represent an attempt to restrict the damage by cleaning the necrotic tissue. Thus, a therapeutic approach may be to change the polarization dynamics to delay the M2 phenotype after ischemia (Hu et al., 2012) . After the ischemic lesion has fully developed, immune cells accumulate to the ischemic core to clear the necrotic tissue. Phagocytic monocytes/macrophages infiltrate the ischemic brain between 3 and 6 days post-stroke and aggregate at the ischemic core area (Kato et al., 1996; Schroeter et al., 1997) . The peak number of microglia and macrophages within the peri-infarct and core infarct area occurs at the same time, between 4 and 7 days post-stroke in transient MCAo, and decreases by 14-21 days post-stroke (Ito et al., 2001; Lehrmann et al., 1997) . According to Lehrmann et al. , at 3 months post-stroke, microglia are no longer activated (Lehrmann et al., 1997) . However, microglial activation in the stroke brain may be more persistent than was once thought. Activated microglia are present in the subventricular zone (SVZ) and striatum for up to 4 months after transient filament MCAo (Thored et al., 2009) . In the same model, activated microglia could be detected as long as 6 months post-stroke in the thalamus (Justicia et al., 2008) . In patients, microglial activation has been reported in the stroke brain up to 6 months after stroke using 11 C-PK11195 PET imaging (Thiel et al., 2010) . Neuronal degeneration after a focal ischemic stroke also occurs in distal brain regions that receive inputs from neurons in the infarct area (Block et al., 2005) . After cortical damage, neurons in the thalamus and substantia nigra pars compacta degenerate retrogradely and anterogradely, and microglial activation in these remote areas has been linked to the secondary neurodegeneration (Block et al., 2005) . Secondary thalamic atrophy and microglial activation has been described in patients suffering from middle cerebral artery infarction (Pappata et al., 2000; Tamura et al., 1991) . The integrity of thalamic circuitry seems to be necessary for the motor recovery of patients (Binkofski et al., 1996) and dampening long-term microglial activation in thalamus may improve recovery from stroke. After transient MCAo, neuronal damage in substantia nigra pars reticulata can be first detected at 7 days post-stroke, and it progresses until 14 days post-stroke (Dihne and Block, 2001; Nagasawa and Kogure, 1990) . In substantia nigra pars reticulata, microglial activation has been shown to precede neurodegeneration (Dihne and Block, 2001; Korematsu et al., 1995) and persist for at least a month after stroke (Korematsu et al., 1995) . Besides clearing damaged neurons it has been recently suggested that phagocytosis of viable neurons also occurs in the ischemic brain, and the phenomenon is named phagoptosis (Neher et al., 2013) . Phagoptosis results when neurons expose phosphatidylserine on their cell membrane as a response to stressful, sublethal stimuli and phosphatidylserine functions as an 'eat-me' signal for microglia and macrophages (Fricker et al., 2012; Neher et al., 2011) . In mutant mice and rats with decreased phagocytic activity of microglia, the delayed neuronal loss after ischemia was prevented and behavioral recovery was promoted compared to wild-type animals (Neher et al., 2013) . Together, the data suggests that inflammation may have a significant role in secondary neurodegeneration.
Microglia-mediated plasticity after cerebral ischemia
Although the recovery from stroke is slow and often incomplete, in most cases there is still spontaneous recovery observed during poststroke months (Rossini et al., 2003) . The role of microglia in spontaneous recovery is not well studied. During postnatal development, microglia are involved in synaptic pruning by engulfing developing synapses in an activity-dependent manner (Paolicelli et al., 2011; Schafer et al., 2012) . Using in vivo two-photon imaging it has been shown that in the resting state, microglial processes are in contact with neuronal synapses about 5 min at a time, approximately once in an hour (Wake et al., 2009) . When neuronal activity is reduced, contact frequency between microglia and synapses decreases. Half an hour after ischemia onset, the microglia contact time with synapses in the penumbra area increases dramatically to about 80 min at a time (Wake et al., 2009 ). Recently, it has been postulated that in a non-injury state, microglia play an active part in forming connections between neurons (Paolicelli et al., 2011) . There is also evidence that NF-κB, a key transcriptional regulator of inflammatory genes, has a role in regulating synaptic plasticity (Mattson and Camandola, 2001 ). Moreover, cytokines may be vital to maintaining neuroplasticity at low levels, but over-expression after cerebral ischemia may impair synaptic plasticity and therefore increase neurodegeneration ). By using [ 18 F]PBR06 PET imaging of microglia and immunohistochemistry, it has been shown that there is a positive correlation between microglial activation and impaired motor function in transient MCAo model in mice (Lartey et al., 2014) .
However, inflammation can have both detrimental and beneficial effects on post-stroke plasticity. Proliferating resident microglial cells confer neuroprotection within the first 3 days after ischemia by producing neurotrophic factors such as IGF1 (Lalancette-Hebert et al., 2007) . Using transgenic mice, it was shown that selective ablation of proliferating resident microglia after transient MCAo results in a substantial increase in the lesion size and the amount of apoptotic neurons, simultaneously with a decrease in the levels of IGF1 (LalancetteHebert et al., 2007) . Also, transplantation of exogenous microglia after or during focal ischemic stroke improves behavioral recovery. When human or newborn rat microglia were transplanted into rats 48 h after or during transient MCAo, respectively, functional recovery was improved (Kitamura et al., 2005; Narantuya et al., 2010) . Transplanted microglia migrated to the infarct region and was shown to upregulate neurotrophic factors such as glial cell-line derived neurotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF) (Kitamura et al., 2005; Narantuya et al., 2010) . Narantuya et al. found fewer apoptotic and CD68 + cells in the infarct core and peri-infarct region at 7 and 14 days after stroke (Narantuya et al., 2010) . In addition, gene expression of anti-inflammatory cytokines was upregulated (Narantuya et al., 2010) . However, after permanent MCAo, there was no improvement in recovery when microglia from newborn rats was transplanted 24 h after MCAo induction, though the study did not include quantification of molecules produced by the transplanted microglia, such as neurotrophic factors or cytokines (Jiang et al., 2013) .
Collectively, data suggests that microglia have both negative and positive consequences on plasticity. Future studies identifying and regulating these properties of microglia may yield therapeutic approaches to promoting plasticity and repair of damaged neuronal circuits following stroke.
Toll-like receptors
TLRs are a receptor family mediating innate immunity and particularly TLR2 and TLR4 have been suggested to be master regulators of microglia activation. They are part of a receptor superfamily defined by the presence of a Toll-IL-1 receptor (TIR) domain, which includes the interleukin-1 receptors. TLRs are type-I transmembrane proteins consisting of three structural domains: C-terminal leucine-rich repeat (LRR) ligand recognition domain, central transmembrane domain, and an N-terminal cytoplasmic tail that facilitates downstream signaling (Fang and Hu, 2011) . The LRRs differ in size and abundance among the various receptors and play a major role in ligand binding. The LRR family members share a highly conserved 11-residue tandem repeat sequence, LxxLxLxxNxL that forms a horseshoe-like structure. The "x" residues are found within the horseshoe curve and play a significant role in receptor ligand interactions (Bell et al., 2003; Fang and Hu, 2011; Medzhitov and Janeway, 2000) . On the cytoplasmic tail, TLRs contain the TIR signaling domain; a site for adaptor protein recruitment and oligomerization (Jiang et al., 2006) . Upon ligand binding, receptors form homo-or heterodimers and elicit transduction signals through distinct intracellular pathways that often lead to the activation of transcription factors and inflammatory responses.
Expression in ischemic injury
After focal cerebral ischemia in mice, the number of TLR4+ cells increased in a time-dependent manner from 1 h to 22 h post-stroke (Hyakkoku et al., 2010) . Also, TLR2 mRNA expression gradually increased over the first 4 days in the ischemic brain (Lehnardt et al., 2007; Ziegler et al., 2007) . This increase is also observed in the hippocampus of neonatal rats following artery ligature (Zhang et al., 2015) . When TLR2 expression levels were compared to TLR4 and TLR9 expression levels, it was found that ischemic insult increases TLR2 mRNA level more than the others (Ziegler et al., 2007) . Using a reporter protein under murine TLR2 promoter (Lalancette-Hebert et al., 2009), it was found that after the initial increase in TLR2 expression after photothrombotic stroke, there is a subsequent decline in the TLR2 expression levels over the 14 day period monitored (Quattromani et al., 2014) . Both TLR2 and TLR4 expression has been associated with microglial cells after ischemia (Hyakkoku et al., 2010; Lehnardt et al., 2007; Ziegler et al., 2007) . Another study showed that TLR2 and TLR4 are found mainly in neurons and that there is a delayed expression in microglia after ischemic injury (Tang et al., 2007) . Interestingly, in a study where TLR3, TLR7, TLR8 and TLR9 mRNA levels were measured from the blood of 110 stroke patients, it was found that TLR8 levels correlated with infarct volumes and that TLR7 and TLR8 at different time points were associated with poor outcome from ischemic stroke (Brea et al., 2011) . Collectively, there is ample evidence the TLR4 receptors are increased in the brain following stroke and may be a viable target for pharmacological manipulations.
TLR signaling
TLR activation involves the recruitment of various TIR-domain containing adaptor proteins, including myeloid differentiation primary response gene 88 (MyD88), TIR-domain-containing adapter-inducing interferon-β (TRIF), MyD88 adaptor-like protein (Mal) and TRIF-related adaptor molecule (TRAM) (O'Neill and Bowie, 2007) . TLR4 is the most versatile due to the association with multiple second messenger cascades through each of the four TLR-associated adaptor proteins. These four adaptor proteins trigger one of the two distinct intracellular signaling cascades: the MyD88-dependent pathway and TRIF-dependent pathway both of which converge to activate NF-κB (Fig. 3) .
The MyD88-dependent pathways (MyD88 and Mal initiated) have been described previously (Deng et al., 2000) . Briefly, the cascade begins with MyD88 phosphorylating IL-1 receptor-associated kinases (IRAKs), which activate tumor necrosis factor receptor-associated factor 6 (TRAF6) to form a TRAF6 complex that activates mitogen-activated protein kinase (MAPK) kinase kinase (MAP3K). MAPK3K has a number of targets, but only two pathways are known to be relevant to microglial response to stroke: activation of the transcription factor NF-κB and activation of mitogen-activated protein kinases (MAPKs). In NF-κB activation, TRAF6 phosphorylates the inhibitory unit of the NF-κB complex, IκKα/β, allowing for NF-κB nuclear translocation and transcription of pro-inflammatory cytokines . MyD88 knockout (KO) mice demonstrate no response to the TLR4 agonist LPS as measured by pro-inflammatory cytokine production, B cell proliferation and endotoxin shock response (Kawai et al., 1999) . Likewise, no observable response was reported with the addition of TLR2 and TLR9 agonists, peptidoglycan and bacterial CpG-DNA, respectively, in the absence of MyD88 in in vivo and in vitro studies (Häcker et al., 2000; .
Interestingly, the MyD88-dependent pathway is known to have properties of auto-regulation that prevents prolonged activation of this pathway (Broad et al., 2007) . The autoregulation is critical for understanding how microglial cells respond differently to the same stimuli in the acute, subacute and long-term stages of ischemic injury. In the acute phase, microglial activation proceeds as outlined above. However, in the subacute phase, there is a basal level of MyD88-pathway activation through TLRs as well as from activation of IL-1 receptors. In the long-term phase of microglial activation, this pathway can be expected to be maximally repressed. As new microglia are recruited into the periinfarct region in the later stages of ischemia, IL-1 levels throughout the brain are elevated and microglial cells migrating into the peri-infarct area are likely to encounter TLR activating DAMPs when the IRAK pathway has been activated. Acutely activated microglial cells, on the other hand, are more likely to be activated by the presence of DAMPs without prior IRAKs activation. Microglial cells that are activated by subacute stimuli may encounter TLR4-activating DAMPs that could have a prophylactic effect on stroke injuries (Marsh et al., 2009) .
The TRIF-dependent pathway leads to a production of interferons through activation of the transcription factor interferon regulatory factor 3 (IRF3) (Hennessy et al., 2010) and activation of NF-κB through TRAF6, but independently of MyD88 and IRAKs (Jiang et al., 2004) . Signaling through the TRIF-dependent pathway entails TRIF interacting with TRAF6 and receptor interacting protein 1 (RIP1), which then similarly activate NF-κB as described above. However, it is not clear that the TRIF pathway plays a significant role in ischemia-induced injury (Hua et al., 2009 ). TLR4 signal transduction can occur in a TRIF-dependent and MyD88-dependent fashion, whereas the majority of TLRs tend to be MyD88-dependent (Akira and Takeda, 2004; Lu et al., 2008) . Pathway activation is usually the result of the type of ligand produced in response to ischemic injury.
The role of TLRs in cerebral ischemic injury has gained more focus in past years. Dying neurons release a variety of DAMPs which can stimulate TLR signaling, resulting in inflammation, and thus perpetuating the cycle of damage. Microglial activation, pro-inflammatory cytokine production, upregulation of immune receptors and subsequent tissue damage following cerebral ischemia as a result of TLR2 and TLR4 activation has been reported (Kilic et al., 2008; Lambertsen et al., 2005; Lehnardt et al., 2007; Lehnardt et al., 2003) . Additionally, others have shown that an increase in TLR4 + peripheral monocytes correlates with increased cytokine levels in stroke patients, suggesting that peripheral cells pass through the compromised blood-brain barrier and exacerbate damage . Microglia, activated in a TLR9-dependent manner, release neurotoxic cytokine, IL-17, that in turn can activate T cells (Derkow et al., 2015) . Thus, it is important to clarify the role of these signaling pathways for drug targeting and therapeutic potential, and this is discussed in detail below.
TLR agonists
Much of the attention on experimental stroke treatments has been focused on a prophylactic approach. In regards to TLRs, this entails preconditioning using low level activation prior to an ischemic event. Preconditioning of TLRs that signal via the MyD88-dependent pathway [TLRs 1, 2, 4, 5, 6, 7, 9 (Akira and Takeda, 2004) ] may trigger compensatory measures that, in effect, inhibit this pathway from being maximally activated and repress NF-κB activation (Broad et al., 2007) . Several studies have shown that preconditioning with TLR4 agonists is neuroprotective against ischemic injury (Rosenzweig et al., 2004; Stevens et al., 2008; Tasaki et al., 1997) . Administration of LPS before MCAo in rats has been shown to be protective (Tasaki et al., 1997) and these results indicate that preconditioning effects of TLR4 activation mediate neuroprotection. Follow-up studies showed that administration of LPS (0.2 mg/kg or 0.8 mg/kg) in mice prior to MCAo resulted in an upregulation of anti-inflammatory genes following ischemia (Vartanian et al., 2011) . Pro-inflammatory cytokines, however, did not seem to be affected (Vartanian et al., 2011) . In addition, pretreatment with TLR8 agonist before focal ischemic reperfusion injury has been shown to have detrimental effects on the stroke outcome (Tang et al., 2013) . Administration of TLR2 agonist, PAC3CSK4, before arterial occlusion resulted in smaller infarct size, reduced mortality, smaller neuronal damage, and decreased level of NF-κB and Bax, protein involved in cell death signaling (Hua et al., 2008; Lu et al., 2011) . However, there are no published reports with experimental animal stroke models describing how manipulation of TLR receptor activity affects the functional recovery following stroke. If TLR4 activation leads to increases of anti-inflammatory genes poststroke, it would be important to know whether this leads to faster rehabilitation and reduction in post-stroke inflammation complications. Clinical trials have set forth to examine the efficacy of preconditioning with TLR agonists, although the main focus is cardiac ischemic injury (Veighey and Macallister, 2012).
TLR antagonists
Alternative approaches have focused on modulating TLR-mediated activation of NF-κB. It is widely accepted that NF-κB plays an essential role during cerebral ischemia, not only in the context of TLR signaling but as a major contributor to other inflammatory signal mechanisms. For instance, NF-κB nuclear translocation and DNA binding were apparent within 30 min of reperfusion following 2 h artery ligation, as determined by an NF-κB-driven reporter transgene (Schneider et al., 1999) . Adenoviral delivery of a dominant negative form of IκKα/β injected prior to MCAo reduced infarct size (Xu et al., 2002) . Pharmacological inhibition of NF-κB is a rational therapeutic target; however, one must approach this with caution. Deficits in NF-κB function have been associated with susceptibility to infection and reduced immune cell viability (Ridder and Schwaninger, 2009) .
Ideally, pharmacological modulation would involve dampening NF-κB induction in a TLR-dependent manner. TAK-242, an antagonist of TLR4, when given intraperitoneally 3 mg/kg 1 h after ischemia has been shown to decrease infarction volume and neurological deficits in mice (Hua et al., 2015) . The neuroprotective effect of TAK-242 was associated with a decrease in the expression of inflammatory cytokines (Hua et al., 2015) . In addition, intracerebroventricular injection of TAK-242 decreased infarction volume and neurological deficits when measured 22 h after MCAo in mice, and inhibited TLR4-nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4 (NOX4) signaling (Suzuki et al., 2012) . Eritoran, which has been shown to inhibit TLR4 signaling at nanomolar concentrations (Mullarkey et al., 2003) has not been studied in experimental rodent stroke models, but it has been shown to decrease myocardial ischemic infarction damage (Mullarkey et al., 2003) , as well as to decrease NF-κB nuclear localization (Mullarkey et al., 2003) .
One controversial candidate is the blood-brain barrier permeable, TLR4 antagonist, naloxone. Naloxone was initially reported to diminish (MyD88) and MyD88 adaptor-like protein (Mal) recruitment leads to activation of IL-1 receptor-associated kinases (IRAKs) and tumor necrosis factor receptor-associated factor 6 (TRAF6). Phosphorylation of the inhibitory unit of the transcription factor NF-κB complex, IκKα/β, leads to nuclear translocation and activation of NF-κB and production of pro-inflammatory cytokines. TLR4 also signals via a TRIF-dependent pathway. TIR-domain-containing adapter-inducing interferon-β (TRIF) and TRIF-related adaptor molecule (TRAM) recruitment leads to activation of the transcription factor interferon regulatory factor 3 (IRF3) and production of interferons. TRIF also interacts with receptor interacting protein 1 (RIP1) and TRAF6 leading to activation of NF-κB as in MyD88-dependent pathway.
dose-dependently LPS-induced TLR4 activation (Hutchinson et al., 2008) , but three, independent commercial laboratories failed to replicate the result (Skolnick et al., 2014) . Also, Wang et al. found that naloxone inhibits superoxide production through inactivation of NADPH oxidase 2 (NOX2) which may be critical for the anti-inflammatory effect on microglia . Nevertheless, the different effects in TLR4 KO mice indicated that TLR4 or its signaling pathways could be mediators of naloxone effects (Hutchinson et al., 2010) . However, the compensatory changes that arise from development may cause the effect not to be direct. Moreover, this drug has been used minimally in experimental models of cerebral ischemia, despite its TLR4 specificity and varying claims regarding downstream effects. Chen et al. reported that intracerebroventricular infusions of (−)-naloxone prior to and following artery occlusion decreased infarct area and inflammation, as assayed by the presence of inflammatory cells (Chen et al., 2001 ). Likewise, naloxone has been shown to be neuroprotective against beta-amyloid peptide 1-42 (Aβ 1-42) through the reduction of microglia-produced superoxide (Liu et al., 2002) . It is clear that naloxone decreases activation and expression of microglia and likely the effects are mediated by pathways shared with TLR4 signaling. Most encouraging data for TLRantagonism as a potential treatment comes from case-reports of stroke patients showing that naloxone was able to reverse neurological deficits (Baskin and Hosobuchi, 1981) .
Genetically modified mice: role of TLRs in acute and subacute events
Mice lacking TLR receptors and mice with dominant negative mutations in TLRs in stroke experiments are summarized in Table 1 . First, we discuss the effects of TLRs during the acute and subacute microglia-related events in various gene modified (GM) TLR mouse lines. In a study where both TLR2 and TLR4 KO mice were used, it was found that both KO mouse lines have reduced lesion size after focal ischemic injury (Tang et al., 2007) . A similar acute neuroprotective effect with TLR4 KO mice has been also observed in a study with permanent MCAo, and the smaller lesion damage was associated with decreased inflammatory response (Caso et al., 2007) . In studies where mice had dominant negative TLR4 mutation, the lesion size was decreased after transient focal ischemic injury (Cao et al., 2007; Kilic et al., 2008) and mice had increased number of neurons, decreased number of cells with fragmented DNA and decreased number of activated caspase-3+ cells in the striatum (Kilic et al., 2008) . In a study by Hyakkoku and colleagues, where TLR3, TLR4 and TLR9 KO mice were studied in parallel, it was found that only mice lacking TLR4 receptors had decreased infarction volume when measured 24 h after transient MCAo (Hyakkoku et al., 2010) . Moreover, it has been shown that NF-κB translocation is reduced in TLR4 KO mice, but not in TLR3 or TL9 KO mice (Hyakkoku et al., 2010) . Blocking of TLR4 signaling by anti-TLR4-MD2 antibody also reduced infarction size in mouse focal stroke (Andresen et al., 2016) , and although this study was not done via gene manipulation, it is in line with the results from TLR4 KO mice. TLR4 has been suggested to be involved in mediating ischemic preconditioning also in KO studies since ischemic preconditioning induced less neuroprotection in TLR4 KO mice than in wild-type mice (Pradillo et al., 2009 ). Similar to TLR4 KO mice, also TLR2 KO mice have smaller lesion size after focal MCAo in the filament model (Lehnardt et al., 2007; Ziegler et al., 2007) . In a study where TRIF-dependent signaling of TLR receptors was investigated, it was found that TRIF KO mice did not have altered lesion size or neurological deficits as compared to wild-type mice at 24 h after transient ischemic injury, and TRIF deficiency did not alter stroke-induced NF-κB activity (Hua et al., 2009 ). Collectively, the data support that loss of TLR4 is beneficial against ischemic brain injury.
Genetically modified mice: role of TLRs in long-term events
When acute versus long-term consequences after ischemic stroke are compared, they are somewhat opposite in TLR4 and TLR2 KO mice. In both TLR4 and TLR2 KO mice, there is decreased lesion size when measured 1 day after initiation of ischemic insult (Caso et al., 2007; Lehnardt et al., 2007) . In TLR4 KO mice the smaller lesion sizes can also be observed in long-term studies. In a 7 days follow-up study, a focal permanent MCAo injury was induced in TLR4 KO mice and it was found that the smaller lesion size persisted when measured at 7 days post-stroke, and it was accompanied by better performance in neurological tests (Caso et al., 2007) . However, it would be interesting to carry out experiments at time points beyond 7 days after ischemic injury. The long-term results from TLR2 KO mice are quite the opposite. In a study where TLR2 KO mice were subjected to focal ischemic stroke with different reperfusion times, it was reported that lack of TLR2 led to reduced proliferation of brain resident microglial cells and late augmentation in neuronal apoptosis (Bohacek et al., 2012) . Although the lesion size was reduced on day 3 after stroke in TLR2 KO mice, it was found to be increased at 7 and 14 days post-stroke (Bohacek et al., 2012) , indicating delayed exacerbation of the damaged area (Bohacek et al., 2012) . Subsequent studies have revealed that inflammatory and apoptotic pathways, when measured on mRNA level, are altered even one month after ischemic stroke (Winters et al., 2013) . Indeed, the study that implemented a reporter under murine TLR2 promoter showed that after ischemic injury there is a bi-phasic response, and the TLR2 signal first peaks at 48 h after stroke and then slowly declines (LalancetteHebert et al., 2009) . A second peak in TLR2 signal occurs at 28-30 days post-stroke.
Other pharmacological modulations of inflammatory signaling in ischemic stroke
In addition to modulating TLRs, modulating other aspects of the inflammatory response from microglia, and other immune cells contributing to the pathophysiological progression of an ischemic brain injury can be neuroprotective. For example, there is evidence that antagonizing two major pro-inflammatory cytokines, TNF-α and IL-1β, is beneficial in ischemic stroke models and increased levels of TNF-α and IL-1β exacerbate the ischemic damage (Barone et al., 1997; Dawson et al., 1996; Loddick and Rothwell, 1996; Yamasaki et al., 1995; Yang et al., 1998) . Furthermore, administration of IL-1 receptor antagonist within 6 h after symptom onset resulted in better neurological outcome at 3 months post-stroke in patients with cortical infarcts (Emsley et al., 2005) . In contrast, mice lacking TNF-α receptors exhibit an increase in ischemic damage after focal ischemic stroke indicating that TNF-α may have some neuroprotective role as well (Bruce et al., 1996) . Where antagonizing IL-8 reduced infarct size in rabbits (Matsumoto et al., 1997) , exogenous IL-6 administration decreased infarct size in rats Table 1 Effects of TLR receptor knockout on ischemic injury outcome.
GM mouse Outcome in stroke Reference

TLR2
Reduced lesion size at 1-3 days after stroke (Lehnardt et al., 2007; Tang et al., 2007; Ziegler et al., 2007) Reduced lesion size at day 3 post-stroke, but increased sizes on days 7 and 14, this was associated with increased apoptosis (Bohacek et al., 2012) 
TLR3
No effect on lesion size (Hyakkoku et al., 2010) TLR4 Reduced lesion size at 1-3 days after stroke (Cao et al., 2007; Caso et al., 2007; Hyakkoku et al., 2010; Kilic et al., 2008; Tang et al., 2007) Reduced lesion size associated with better neurological score when measured at post-stroke day 7 (Caso et al., 2007) TLR4 KO mice have bigger lesion size than wild-type controls in ischemic preconditiong-induced neuroprotection (Pradillo et al., 2009) 
TLR9
No effect on lesion size (Hyakkoku et al., 2010) (Loddick et al., 1998) . Inhibition of adhesion molecules improves stroke outcome in experimental animal models as adhesion molecules can facilitate leukocyte adhesion to endothelial cells. Intercellular adhesion molecule 1 (ICAM-1) neutralizing antibody is neuroprotective in transient MCAo model as shown by reduced infarct size and a correlative decrease in the amount of leukocytes in the lesion area (Zhang et al., 1994) . However, in clinical trials, enlimomab, a murine anti-ICAM-1 antibody, failed to improve stroke outcome when it was given within 6 h of stroke onset for 5 days, and, surprisingly, worsened the stroke outcome (Enlimomab Acute Stroke Trial, 2001) . Microglia are also activated through purinergic receptors that interact with ATP (Koizumi et al., 2013) released by neurons in response to oxygen deprivation (Volonte et al., 2003) . Although many purinergic receptors have a role in post-injury inflammation, the P2X7 receptor (P2X7R) has a well-established mechanism (Di Virgilio, 2015 ) that makes it a strong candidate as a therapeutic target (De Marchi et al., 2016) . P2X7 receptors are upregulated in microglial cells at the infarct and peri-infarct region 1 and 4 days after permanent MCAo (Franke et al., 2004; Melani et al., 2006) . P2X7 receptor antagonism at the onset or within 30 min after ischemia onset is neuroprotective in permanent and transient MCAo model, respectively, by reducing infarction volume and neurological deficits (Arbeloa et al., 2012; Cisneros-Mejorado et al., 2015; Melani et al., 2006) . There is no evidence to support any positive effect of administration outside of the acute phase of microglial activation. P2X7R has been shown to have a role in ischemic preconditioning as well. Ischemic preconditioning fails to be neuroprotective in P2X7R KO mice whereas wild-type mice have significantly smaller lesions in transient MCAo model after ischemic preconditioning (Hirayama et al., 2015) . As TLRs, P2X7R is capable of activating NF-κB through the auto-regulated MyD88 pathway which may explain the effects of P2X7R in ischemic preconditioning. Further studies are needed to find out the potential of targeting P2X7R at subacute and long-term phases of microglial activation.
Minocycline, a tetracycline antibiotic derivative and microglial activation inhibitor, has been shown to be neuroprotective in focal cerebral ischemia in the acute and long-term phases of microglial activation. When minocycline was given systemically to rats either 12 h before or 4 h after the onset of ischemia, it reduced the infarction size (Yrjanheikki et al., 1999) . Long term minocycline treatment for 42 days has been shown to improve functional recovery when it was combined with rehabilitative training, and the combination increased functional recovery more than the rehabilitative training alone at 14 and 28 days post-stroke although minocycline had no effect on the infarct volume (Liebigt et al., 2012) . Minocycline decreased the proliferation of microglial cells and increased the amount of doublecortin+ cells in the peri-infarct region at 14 days after stroke, and it also increased the survival of proliferating astrocytes at 42 days post-stroke (Liebigt et al., 2012) . In addition, delayed administration of minocycline in the longterm phase of microglial activation, starting from 4 days post-stroke, has been shown to be beneficial (Liu et al., 2007) . Post-stroke treatment with minocycline for 4 weeks did not affect infarct size but it reduced microglial activation, promoted functional recovery of the rats and enhanced neurogenesis in hippocampus (Liu et al., 2007) . Minocycline treatment within 24 h after stroke onset has been shown to be effective also in some clinical studies. Minocycline is safe and well-tolerated in patients also in combination with TPA which is used for thrombolysis (Fagan et al., 2010) . In an open-label, evaluator-blinded study minocycline improved stroke outcome when it was given 6-24 h after the onset of stroke symptoms for 5 days (Lampl et al., 2007) . In another study with similar design, minocycline improved neurological function only in male stroke patients (Amiri-Nikpour et al., 2015) . Also in mice, minocycline has been reported to be inefficient at reducing infarction volume and neurological deficits in females (Li and McCullough, 2009) . The inefficiency of minocycline in females could be explained by differences in the post-stroke inflammatory response between females and males. Male mice have more activated microglia/macrophages in the brain after ischemic stroke and less anti-inflammatory IL-10 producing suppressor T-cells (Banerjee et al., 2013) . There is evidence that estrogen affects the levels of key inflammatory mediators such as TNF-α and NF-κB (Koellhoffer and McCullough, 2013) . In general, estrogen is neuroprotective in ischemic stroke (Hurn and Macrae, 2000) and premenopausal women have lower stroke incidence and suffer from smaller cerebral infarcts than age-matched men. Similar to humans, female mice and rats have smaller infarct volume compared to males (Alkayed et al., 1998; Banerjee et al., 2013; Brait et al., 2010) . More clinical studies would be needed to determine the efficacy of minocycline in human stroke, especially in female patients.
Cyclosporine A is one of the most widely used immunosuppressive drugs in neural cell and organ transplant recipients, and it has been shown to have neuroprotective effects in experimental stroke models. High dose (10 mg/kg) of cyclosporine A given 3 h, 24 h, 48 h and 78 h after reperfusion decreased the lesion size and neurological deficits in focal rat stroke model (Yu et al., 2004) . In another study where cyclosporine A (10 mg/kg) was given to rats 20 min before MCAo or immediately after reperfusion it was found that only the pretreatment decreased lesion size measured with magnetic resonance imaging (Cho et al., 2013) . The studies were focused on measuring lesion sizes and neurological deficits and the effects on microglia were not specifically examined. However, in a long-term study in global ischemia rat model cyclosporine A decreased the number of microglia/macrophages at 7, 14 and 30 days after permanent ligation of the common carotid arteries (Wakita et al., 1995) . However, a clinical trial with cyclosporine did not find altered lesion volume in stroke patients when it was given intravenously within 5 h after symptom onset (Nighoghossian et al., 2015) .
Glucocorticoids are a class of steroid hormones that bind to glucocorticoid receptors, and are used to reduce inflammation in diseases caused by an overactive immune system such as asthma, allergies and autoimmune diseases. Blood cortisol levels are increased after stroke and the increase persists at least for 7 days (Fassbender et al., 1994) . Moreover, cortisol levels correlate with the lesion volume and neurological outcome (Fassbender et al., 1994) . Similar to many other studies, glucocorticoids have been studied mostly with the focus on neuroprotection, and there is limited data on how the treatment would affect long-term inflammatory consequences. In many studies, glucocorticoids have been ineffective in reducing infarction volume or to improve neurological outcome in experimental animal models of stroke (Donley and Sundt, 1973; Lee et al., 1974) . Moreover, in a study where organotypic cultures from neonatal pups were used with oxygen-glucose deprivation, it was found that corticosterone and dexamethasone potentiate the toxic effect (Mulholland et al., 2005) . However, high dose of dexamethasone (3 mg/kg intraperitoneally) decreased the levels of TNF-α in the cortex and reduced the infarction volume in a rat model of permanent MCAo when dexamethasone was given 10 min after the occlusion (Bertorelli et al., 1998) . Administration of high doses of methylprednisolone (105 mg/kg intra-arterially) resulted in mild neuroprotection, 20% reduction in lesion volume, only in transient MCAo model but not in permanent occlusion (Slivka and Murphy, 2001) . When methylprednisolone (30 mg/kg intraperitoneally) was given to rats 3 h, 12 h and 24 h after MCAo, it was found that the levels of TNF-α and IL-6 were decreased and apoptosis was reduced in ipsilateral striatum 3 days after stroke (Jing et al., 2012) .
NSAIDs are a group of drugs that have both analgesic and anti-inflammatory effects. Most NSAIDs inhibit the activity of cyclooxygenase (COX)-1 and -2, and downstream synthesis of prostaglandins. It has been observed that COX-2 is increased in the blood of ischemic stroke patients (Ferronato et al., 2011) . Also in the case of NSAIDs most studied have been focused on neuroprotection and the acute and subacute phases of microglia-mediated events. High dose of ibuprofen pretreatment has been shown to reduce infarction volume in rats, and the neuroprotective effect was associated with decreased levels of ICAM-1 in the striatum (Antezana et al., 2003) . Ibuprofen has been shown to be protective only in the transient MCAo and to worsen the outcome in permanent MCAo, indicating that COX is activated during reperfusion (Cole et al., 1993) . However, selective inhibition of COX-2 with NS-398 given at 6 h after the induction of permanent or transient MCAo reduced infarction volume in mice and rats (Nagayama et al., 1999; Nogawa et al., 1997) . The mRNA and protein levels of COX-2 are upregulated in the ischemic brain starting from 6 h after transient ischemia induced with MCAo, and the upregulation is most prominent in the cells at the peri-infarct region (Nogawa et al., 1997) . COX-2 expression was also increased in a photothrombotic stroke model in the rat barrel cortex, and ibuprofen pretreatment decreased the expression of COX-2 (Jablonka et al., 2012) . In a long-term follow-up, it was found that chronic treatment with ibuprofen restored plasticity in the barrel cortex (Jablonka et al., 2012) . However, when ibuprofen was administered long term for 27 days after stroke, it was found that ibuprofen treatment did not alter neurological outcome nor did it alter the secondary pathology (β-amyloid or calcium load) in the thalamus (Lipsanen et al., 2011) . Similar to ibuprofen, acute treatment with nimesulide has been shown to reduce infarction volume and decrease neurological deficits in a dosedependent manner (Candelario-Jalil et al., 2004) , and the neuroprotective effect was associated with decreased levels of prostaglandin E2 in the stroke brain. In another study, it was found that nimesulide reduced infarction volume and promoted behavioral recovery when the first dose was given within 2 h after permanent MCAo in rats (CandelarioJalil et al., 2005) . Moreover, in a study where meloxicam was given 1 h before surgery and then again after 24 h it was found that it reduced infarction volume in permanent MCAo model in mice (Jacobsen et al., 2013) . Unlike the NSAIDs described above, indomethacin failed to show neuroprotection when given 5 min before ischemic insult in a forebrain ischemia model in rats (Sutherland et al., 1988) . Indomethacin did not alter the number of CD11b + cells when followed over 4 weeks after stroke, but it reduced the amount of phagocytic CD68 + cells (Hoehn et al., 2005) .
The complexity of inflammatory proteins and their effects makes drug design difficult or may require complex cocktails of inflammatory modulators. Modulating inflammatory pathways have resulted in neuroprotection but have been difficult to translate into effective clinical treatments. The clinical studies on anti-inflammatory agents in ischemic stroke patients and the outcome are summarized in Table 2 .
Conclusions
The immune response in the brain following a stroke is mediated through resident microglial cells and invading peripheral immune cells. Although the time course of microglial activation and leukocyte infiltration is dependent on the type and duration of ischemic injury, the inflammatory response has major effects in stroke pathophysiology. More studies are needed to evaluate how modulation of the inflammatory response influences functional recovery to ultimately improve stroke outcome. Many of the studies described in this review were focused on early neuroprotective effects and few studies longitudinally monitored the animals' recovery or measured microglial activation and its consequences. Administration of immunomodulatory drugs may have beneficial or detrimental effects based on the phase of immune response to the ischemic injury. Future studies will also need to consider the age and sex of animals when evaluating immunomodulating drugs. Most of the studies have been conducted in young male animals, and very little is known how the inflammatory events are altered in aged brain, which is most prominently affected by stroke in humans. Also, the sex seems to affect inflammatory response after stroke and may have an impact on the efficacy of the treatment.
In this review, we took an approach for microglial signaling by dividing the microglial responses in time and location to acute, subacute and long-term responses. Although, for many studies this is difficult to implement, taking this approach and looking at microglial function in specific time and location can lead for a better understanding of microglial signaling and function. When the post-ischemic inflammatory responses of microglia are divided into three categories, we can also investigate novel therapeutics and their effectiveness on specific outcome measures. The stroke field has been predominantly focused on finding therapeutics that decrease the lesion volume, and several clinical studies have shown that this approach does not result in effective therapeutics. By studying other outcome measures such as functional recovery of impaired motor or cognitive functions we can find therapeutics for novel drug targets and determine whether modulating the inflammatory response improves recovery from stroke.
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Treatment
Outcome in stroke Reference
IL-1 receptor antagonist
Better neurological outcome 3 months after cortical stroke when given within 6 h of symptom onset (Emsley et al., 2005) Anti-ICAM-1 antibody Worsened stroke outcome when given within 6 h of symptom onset (Enlimomab Acute Stroke Trial, 2001 ) Naloxone Reversed neurological deficits after brain ischemia (case-report) (Baskin and Hosobuchi, 1981 ) Minocycline Improved neurological function when given 6-24 h after the onset of stroke symptoms (Amiri-Nikpour et al., 2015; Lampl et al., 2007) Cyclosporine No change in lesion volume when given within 5 h of symptom onset (Nighoghossian et al., 2015) 
